The pathogenic nature of cancer is attributed, at least in part, to the ability of tumors cells to induce systemic and local mechanisms of immune tolerance. However, we previously reported that tumor-free survival in up to 100% of tolerized HER-2/neu transgenic mice can be achieved by administration of neu-specific mAb concurrently with a HER-2/neu-expressing, GM-CSF-secreting whole cell vaccine. In this report, we show that one mechanism of improved antitumor activity induced by the combination of these 2 neu-targeted interventions was enhanced Fc-mediated activation of APCs. Specifically, in vivo studies demonstrated localization of radiolabeled neu-specific mAb at the vaccine site. Subsequently, increased accumulation of neu-specific mAb at the vaccine-draining lymph node correlated with increased vaccine cell uptake by DCs in vivo. This led to enhancement of CD8 + neu-specific T cell function in terms of proliferation, cytokine production, and central memory development. Thus, the administration of a neu-specific mAb with a neu-targeted GM-CSF-secreting tumor vaccine enhanced induction of neu-specific CD8 + T cells through Fc-mediated activation of DCs. This multimodality attack on the same tumor antigen may have the potential to overcome tolerance to self antigens and weaken the immunosuppressive networks within the tumor microenvironment.
Introduction
A major challenge in developing effective immunotherapies for cancer treatment is the requirement for bypassing immunosuppressive mechanisms within the tumor microenvironment and reducing immune tolerance to endogenous tumor antigens. The immune system forms a safeguard against the recognition of self antigens by central deletion of highly self-reactive T cells during the early immunological development. Lower affinity T cells or T cells of all affinities for antigens not presented in the thymus escape central deletion but become tolerized in the periphery (1, 2) . Higher affinity T cells that also escape central deletion become anergic in the periphery through interactions with Tregs (3, 4) . Tumor cells escape immune recognition partly because tumor-associated antigens are endogenously recognized as self molecules. Adding to this immune tolerance hurdle, tumor cells themselves build and maintain an immunosuppressive microenvironment through multiple signaling pathways (4) (5) (6) (7) (8) . This microenvironment also stems from failure to clear the turnover of apoptotic tumor cells by macrophages. The soluble form of phosphatidylserine, released from apoptotic tumor cells, binds to the phosphatidylserine receptor on macrophages and induces production of various tumor-derived soluble factors, which consequently inhibit activation of APCs and T cells (8) . Furthermore, the impaired clearance of apoptotic tumor cells causes production of anti-DNA antibodies to self antigen. This in turn leads to an increase in immature DCs (iDCs) and immature macrophages (iMCs), which promote the generation of CD4 + CD25 + Tregs (8) .
Tumor-derived VEGF is one of the chemoattractants of iMCs and iDCs from the bone marrow to the tumor site (9) . Once exposed to the tumor microenvironment, these iDCs and iMCs become tumor-associated iDCs and tumor-associated macrophages that ultimately suppress antigen-specific T cell activation and function (10, 11) . Tumor-associated iDCs and tumor-associated macrophages travel to the tumor-draining lymph nodes and the spleen, creating an immunosuppressive network throughout the physiological system. In contrast, mature DCs are the most potent APCs capable of activating tumor-specific CD8 + T cells, and their ability to enhance antitumor immunity depends on the extent to which iDCs are recruited to the tumor site and matured to cross-prime CD8 + T cells. A number of DC-targeted and maturing vaccines have been shown to enhance CD8 + T cell activation in preclinical models and are in various phases of clinical testing (12) . As one example, whole tumor cells genetically modified to express GM-CSF effectively activate bone marrow-derived iDCs that have the ability to induce a potent systemic immune response that can cure mice of micrometastases (13) .
During the past decade, tumor antigen-specific mAbs have been FDA approved for the treatment of a number of cancers (14) . Trastuzumab, an approved neu-targeted mAb that targets HER-2/neu-expressing (neu-expressing) breast cancers and exerts pleiotropic antitumor effects such as inhibiting neu signaling, suppressing angiogenesis, and inducing tumor apoptosis, with the latter mechanism predominate in patients (15) . There is increasing evidence that these passively administered mAbs also have immune-modulating effects that augment both humoral and cellular immunity. For example, antibody-dependent cellular cytotoxicity (ADCC) mediated by NK cells has been shown in one in vivo mouse model to be a mechanism by which trastuzumab enhances antitumor immunity (16) . Similarly, the efficacy of rituximab, a CD20-targeted mAb, approved for the treatment of lymphoma, is significantly greater in patients with "high responder" Fc receptor polymorphisms, suggesting that the mAb and the Fc receptor are interacting to mediate ADCC (17, 18) . In a few preclinical studies, mAbs targeted against a specific tumor antigen have been shown to activate CD8 + T cells. This activation is thought to occur via enhanced cross-priming by APCs. DCs in particular efficiently process externally acquired antigens and present them via enhanced cross-priming on MHC class I molecules on their cell surface to enhance T cell activation.
Similar to other APCs, DCs serve as a link to the adaptive immune system. DCs express the low-affinity FcγRIII, the highaffinity FcγRI, and the complement receptor 3 and mannose receptor. These receptors are at their disposal to phagocytose a wide range of foreign molecules and pathogens (19) . Both FcγR-and CR-mediated phagocytosis require formation of immune complexes. Phagocytosis is a highly selective process that requires specific interaction between the surface of the particle to be ingested and the plasma membrane of the phagocytic cell (20) . Immune complexes bind directly to FcγRs to initiate phagocytic signal transduction, ultimately leading to actin polymerization and pseudopod formation. Extensive studies have been performed to characterize the interaction between the immune complex and FcγR. Various in vitro and in vivo studies have shown that the activation of FcγRs through the binding of immune complexes can lead to an enhanced antigen presentation in DCs (21) (22) (23) (24) (25) (26) .
Using HER-2/neu transgenic (neu-N) mice as a clinically relevant model of immune tolerance, we previously reported the observation that combining neu-specific antibodies with neu-targeted, GM-CSF-secreting vaccination effectively increases neu-directed CD8 + effector function and tumor-free survival (27) . Here, we provide an in-depth analysis of the contribution of DCs to the immune complex-mediated enhanced induction of these tumor-specific CD8 + T cell responses. Specifically, we show that the neu antigen/mAb
Figure 1
The Fc portion of the intact 7.16.4 mAb is required for enhancement of the vaccine-induced antitumor response. (A) Binding of F(ab′)2 fragments of 7.16.4 (dashed line) were confirmed by flow cytometry, using secondary antibodies specific for the Fc portion and λ1, λ2, and λ3 light chains. Shown are the intact antibody (solid line) and control IgG (gray histogram). (B) Antibody-mediated enhancement of the vaccine-induced antitumor response is not seen in the vaccine + F(ab′)2 treatment group. neu-N mice received neu-targeted vaccine (3T3 neu/GM) or control vaccine (3T3 NP/GM), followed 2 weeks later by NT2 challenge + intact 7.16.4 mAb, + 7.16.4 F(ab′)2, + or irrelevant IgG. The intact and control antibodies were administered weekly for a total of 5 injections (100 μg of IgG per injection). F(ab′)2 fragments were injected twice per week for a total of 10 injections [150 μg of F(ab′)2 per injection]. Survival curves are shown (n = 5 per group). Statistical differences in survival among data groups were assessed using the log-rank test. This experiment was repeated once. (C) Tumor-specific CD8 + T cell responses were not increased in the vaccine + F(ab′)2 treatment group when compared with the vaccine plus intact antibody treatment group. CD8 + T cells were incubated with NT2/B7-1 target cells overnight at 37°C at 5% CO2. IFN-γ ELISPOTs were counted on the next day. Each experiment was repeated 3 times independently. *P < 0.05 versus intact 7.16.4 mAb + neu-targeted vaccine, Mann-Whitney U test.
complex is able of forming in vivo from an i.v. injection of the intact 7.16.4 mAb and a s.c. administration of the neu-targeted vaccine. The neu vaccine + antibody complex increased the uptake of vaccine cells by DCs and enhanced activation and proliferation of neu-specific CD8 + T cells in vivo in an Fc-dependent manner. These findings have important implications for the future development of combinatorial mAb + vaccine approaches for cancer therapy.
Results
The Fc portion is required for mAb-mediated enhancement of antitumor immunity. We have previously shown that coadministration of neu-targeted vaccine and neu-specific mAb enhances the antitumor response when compared with administration of vaccine or antibody alone (25) . Moreover, CD4 + and CD8 + T cell depletion completely abrogates this response (27) . Furthermore, although the intact 7.16.4 mAb mediates ADCC in vitro (data not shown), the depletion of NK cells using anti-asialo GM did not abrogate mAb enhancement of the vaccine-induced antitumor response in vivo (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI34333DS1). In addition, when clodronate liposomes were used to deplete phagocytes, the vaccine-induced antitumor response was significantly abrogated (Supplemental Figure 1B) . To demonstrate whether the Fc portion of the mAb, which associates with FcγR and CRs present on phagocytes, in particular macrophages and DCs, is involved in antibody-mediated antitumor vaccine enhancement, we generated F(ab′) 2 fragments of the intact 7.16.4 mAb for comparison with the activity of the intact 7.16.4 mAb. Enzymatic digestion of 7.16.4 was performed, and the generation of 7.16.4 F(ab′) 2 was verified by Western blotting (data not shown). Specificity of the purified 7.16.4 F(ab′) 2 for neu was verified by flow cytometric analysis of 7.16.4 F(ab′) 2 and intact 7.16.4 mAb binding to NT2 cells using either an Fc-specific secondary antibody or a light-chainspecific secondary antibody to visualize binding ( Figure 1A) . Next, 7.16.4 F(ab′) 2 and intact 7.16.4 mAb were compared in an in vivo study assessing tumor-free survival. Specifically, mice vaccinated with either the neu-expressing vaccine or mock vaccine also received either the intact 7.16.4 mAb or 7.16.4 F(ab′) 2 and were challenged 2 weeks later with the NT tumor cells. As expected, coadministration of the intact antibody and neu-targeted vaccine resulted in a prolonged tumor-free survival and elimination of tumors in 60% of neu-N mice ( Figure 1B) . However, this treatment effect was not observed when 7.16.4 F(ab′) 2 was used, even though the dose of 7.16.4 F(ab′) 2 was 3-fold that of intact 7.16.4 mAb in these studies to account for the more rapid clearance of the F(ab′) 2 molecule ( Figure 1B ). These data demonstrate a requirement for neu-specific intact IgG given concurrently with the vaccine in order to eliminate neu-expressing tumors in vaccinated animals. Because previous lymphocyte subset depletion experiments demonstrated that tumor elimination is CD8 + T cell dependent, we also examined the induction of neu-specific CD8 + T cells in vaccinated neu-N mice given either the intact 7.16.4 mAb or 7.16.4 F(ab′) 2 . In these studies, an ELISPOT assay was used to enumerate neu-specific CD8 + T cells directly isolated from tumor-bearing neu-N mice 14 days after vaccination. The highest proportion of neu-specific CD8 + T cells was found in mice treated with vaccine + intact 7.16.4 mAb ( Figure 1C ). In contrast, the neu-specific CD8 + T cell response in mice treated with vaccine + 7.16.4 F(ab′) 2 was significantly lower than the response measured in intact 7.16.4 mAb-treated mice and was indistinguishable from vaccinated mice treated with control IgG. These data clearly show that coadministration of the intact mAb with neu-targeted vaccination results in an Fc-dependent augmentation of the tumor-specific CD8 + T cell responses that are associated with an increase in tumor-free survival.
Intact 7.16.4 mAb localizes at the site of neu vaccination. The administration of preformed antigen/antibody immune complex molecules is a commonly used method for enhancement of antigen-targeted cellular immunity by a mAb (28) (29) (30) (31) . However, less is known about antigen-antibody complex formation in vivo when the antibody is administered separately from the antigen. We therefore evaluated the ability of the intact 7.16.4 mAb to form immune complexes with the neu-targeted vaccine cells when each is delivered by separate routes of administration in vivo. In vivo SPECT/CT imaging was performed by administering indium-111-labeled 7.16.4 i.v. to neu-N mice concurrently with s.c. injected neu-expressing vaccine cells in the right leg and control vaccine cells in the left leg. Forty-eight hours later, a localized hot spot developed at the site of neu vaccination in the right leg (Figure 2A) . A biodistribution study was conducted 48 hours after vaccination. Vaccine-draining lymph nodes (VDLNs) and superficial cervical lymph nodes (negative control) were excised, and their radioactivity content was measured. The right inguinal lymph node had approximately 4 times more radioactivity than the left inguinal lymph node ( Figure 2B ), suggesting that the neu-targeted mAb specifically bound to neuexpressing vaccine cells and formed complexes in the VDLN of the neu-targeted vaccine. In contrast, the indium-labeled control IgG-treated mice had no significant radioactivity accumulation in either lymph node ( Figure 2B ). Overall, both the in vivo SPECT/CT imaging and the biodistribution study data confirmed that the intact 7.16.4 mAb and neu-targeted vaccine cells were capable of forming immune complexes in vivo following different routes of administration of the antibody and the antigen. In addition, the in vivo complex formed by the neu-targeted mAb and the neuexpressing vaccine cells was antigen specific.
Intact 7.16.4 mAb enhances the in vivo uptake of neu vaccine cells by CD11c + DCs in an Fc-dependent manner.
The data presented so far show that the intact 7.16.4 mAb is able to aggregate specifically with the neu-targeted vaccine. This aggregate localizes in the draining lymph node 48 hours later. Since this aggregation appears to enhance the induction of neu-specific CD8 + T cells, we sought to determine the extent to which the in vivo localization of 7.16.4 to neu-targeted vaccine cells influences the in vivo uptake of the vaccine cells by lymph node CD11c + DCs. neu vaccine or control vaccine cells were fluorescently labeled with PKH67, irradiated, and administered s.c., concurrently with i.p. injections of intact 7.16.4 mAb, 7.16.4 F(ab′) 2 , or control IgG Ab. The VDLNs were harvested each day from days 1 to 5. CD11c + DCs were isolated from each group and analyzed for PKH67 expression by flow cytometry. PKH67 + CD11c + DCs were detected as early as 1 day after treatment, and the proportion of CD11c + DCs that were PKH67 + was highest in the intact 7.16.4 mAb + neu-targeted vaccine group. In contrast, 7.16.4 F(ab′) 2 administration did not result in increased uptake of vaccine cells compared with control IgG Ab ( Figure 3A and Table 1 ). On days 2 and 3, the number of PKH67 + CD11c + DCs from the intact 7.16.4 mAb + neu-targeted vaccine treatment decreased to the level seen in the neu-targeted vaccine + 7.16.4 F(ab′) 2 and + control IgG treatment. However, on days 4 and 5, the number of PKH67 + CD11c + DCs from the intact 7.16.4 mAb + neu-targeted vaccine treatment rebounded and again reached the highest level of all treatment groups ( Figure 3A and Table 1 ). Fc-mediated phagocytosis is known to induce DC maturation. Therefore, the DC maturation markers B7-1, B7-2, CD40, MHC class II, and PD-L1 were evaluated 24-36 hours after treatment with the vaccination and either the intact 7.16.4 mAb or 7.16.4 F(ab′) 2 . As expected, the GM-CSF vaccine alone induced CD11c + DC maturation, as the control GM-CSF-secreting vaccine (3T3/GM) rapidly upregulated the expression of B7-1, B7-2, CD40, MHC-II, and PD-L1 on the CD11c + DCs in the VDLN ( Figure 3B ). However, the intact 7.16.4 mAb enhanced the maturation of CD11c + DCs above the expected GM-CSF maturation effect, as the lymph node CD11c + DCs isolated from the mice that received the intact 7.16.4 mAb concurrently with the neu-targeted vaccine exhibited the highest expression levels of B7-1, B7-2, CD40, MHC-II, and PD-L1 ( Figure 3B ). In contrast, CD11c + DCs isolated from mice treated with 7.16.4 F(ab′) 2 and neu vaccine had maturation marker levels similar to those of mice treated with the neu vaccine and control IgG Ab. These data demonstrate that the Fc portion of 7.16.4 activates Fc-mediated phagocytosis in CD11c + DCs to efficiently take up neu-targeted vaccine cells, consequently resulting in additional maturation of GM-CSF-stimulated CD11c + DCs. Furthermore, these results provide additional evidence of the in vivo formation of immune complexes between the intact 
Figure 4
CD11c + DCs isolated from mice treated with the neu-expressing, GM-CSFsecreting vaccine given concurrently with intact 7.16.4 mAb induce efficient proliferation of naive neu-specific CD8 + T cells. (A) Naive RNEU420-429-specific CD8 + T cells proliferated most vigorously in response to CD11c + DCs isolated from mice treated with the neuexpressing, GM-CSF-secreting vaccine + intact 7.16.4 mAb. Administration of vaccine cells and antibodies was similar to that described in Figure 3A . On day 4 after vaccination, the spleen and VDLNs were harvested and DCs were isolated using the Miltenyi CD11c magnetic beads. Naive RNEU420-429-specific CD8 + T cells were isolated, labeled with CFSE, and then cocultured with CD11c + -isolated DCs for 3 days. CFSE dilution was measured by flow cytometry. n = 5 mice per group. This analysis was repeated at least twice. (B) Both CD8 + and CD8 -DCs proliferated RNEU420-429-specific CD8 + T cells most efficiently when the intact 7.16.4 mAb was administered with the neu-targeted vaccine. Administration of vaccine cells and antibodies was similar to that described in Figure 3A . On day 4, splenic CD11c + DCs were isolated from each group, followed by FACS of CD8 + and CD8 -DCs. Subsequently, the DEAD assay was performed as described in A. n = 10 mice per group. This analysis was repeated at least twice. *P < 0.05 versus intact 7.16.4 mAb + neu-targeted vaccine, Mann-Whitney U test. The neu-expressing, GM-CSF-secreting vaccine given concurrently with the intact 7.16.4 mAb enhances the effector function and proliferation capability of neu-specific CD8 + T cells in vivo. (A) The neu-expressing, GM-CSF-secreting vaccine given concurrently with the intact 7.16.4 mAb increases the number of activated IFN-γ-expressing RNEU420-429-specific CD8 + T cells following treatment. Each neu-N mouse received 2 × 10 6 Thy1.2 RNEU420-429-specific CD8 + T cells i.v., followed by 1 × 10 6 3T3 neu/GM or 3T3/GM cells in each limb s.c. and intact 7.16.4 mAb (100 μg), 7.16.4 F(ab′)2 (150 μg), or irrelevant IgG (100 μg) i.p. on day 0. Their spleens and VDLNs were harvested on day 4, and CD8 + T cells were isolated with the Miltenyi CD8a magnetic beads. The isolated CD8 + T cells were then cocultured (1 × 10 6 ) with RNEU420-429-pulsed T2D q (1 × 10 6 ) overnight. Thy1.2 RNEU420-429-specific CD8 + T cells were stained for IFN-γ and analyzed by flow cytometry. The mean fluorescent intensity of IFN-γ in Thy1.2 RNEU420-429-specific CD8 + T cells was also measured. Shown is a representative flow cytometric analysis for 1 mouse per group. This study was performed on a total of 3 mice per group per experiment and was repeated once. The statistical analysis is shown in 7.16.4 mAb enhances the uptake of neu-targeted vaccine cells through Fc-mediated phagocytosis by CD11c + DCs, we next performed a direct ex vivo antigen detection (DEAD) assay to assess whether this enhanced DC maturation effect results in enhanced DC cross-priming and induction of neu-specific CD8 + T cells. As a source of T cells, we used naive TCR transgenic CD8 + T cells specific for the immune-dominant neu epitope, RNEU 420-429 (32, 33) . These T cells were stimulated in vitro with in vivo primed CD11c + DCs. Lymph node CD11c + DCs isolated on day 4 following treatment with the intact 7.16.4 mAb given concurrently with the neu-targeted vaccine induced the greatest proliferation of RNEU 420-429 -specific CD8 + T cells ( Figure 4A ). Once again, the effect appeared to be Fc mediated, since the CD11c + DCs isolated from mice given 7.16.4 F(ab′) 2 + neu-targeted vaccine were unable to increase the proliferative capacity of the RNEU 420-429 -specific CD8 + T cells above the neu-targeted vaccine-treated CD11c + DC control group ( Figure 4A ). These results suggest that the intact 7.16.4 mAb given concurrently with the neu-targeted vaccine improves proliferation of neu-specific CD8 + T cells as a result of increased neu antigen presentation through enhanced uptake of neu-targeted vaccine cells by CD11c + DCs in vivo.
Many studies have shown that DCs are the most capable of all APCs at effectively activating CD8 + T cells against an exogenous antigen because of their ability to constitutively cross-present the antigen to the endogenous antigen-processing pathway. However, one study suggested that the CD8 -DCs require activation via the FcγR or another signaling pathway to cross-present exogenous antigen (34) . To evaluate whether the neu-targeted mAb enhances cross-presentation by one or both DC subtypes, CD11c + DCs were separated into CD8 + DCs and CD8 -DCs, and these DC subsets were subsequently analyzed for their ability to induce proliferation of RNEU 420-429 -specific CD8 + T cells. Our data show that even though CD8 -DCs isolated from mice treated only with neu-targeted vaccine were able to take up vaccine cells (data not shown), they were unable to proliferate RNEU 420-429 -specific CD8 + T cells ( Figure 4B ). However, RNEU 420-429 -specific CD8 + T cells proliferated to a significant extent when cultured with CD8 -DCs purified from mice treated with intact 7.16.4 mAb + neu-targeted vaccine. As expected, CD8 + DCs isolated from mice treated only with vaccine efficiently induced the proliferation of RNEU 420-429 -specific CD8 + T cells without the need of FcγR activation. However, treatment with the vaccine + neu-targeted mAb further increased the cross-presentation capability of the CD8 + DCs ( Figure 4B) . Therefore, the capacity of CD8 -DCs to cross-prime appears dependent on the Fc portion of the intact 7.16.4 mAb, whereas CD8 + DCs do not appear to require the Fc portion for cross-priming but become more efficient at cross-priming if the antigen is taken up as immune complex. It is important to point out that both the CD8 -and CD8 + DCs stimulated a background level of proliferation of RNEU 420-429 -specific CD8 + T cells (data not shown). We believe this background level was due to the uptake by DCs of endogenous circulating neu antigen in these neu-N mice that constitutively express the antigen in mammary tissue. In support of this hypothesis, we also isolated CD8 + and CD8 -DCs from untreated parental FVB mice, which do not constitutively express neu. Neither CD8 + nor CD8 -DCs from these untreated mice were able to induce any proliferation of naive RNEU 420-429 -specific CD8 + T cells (data not shown). Finally, because CD8 -DCs have been shown to efficiently prime CD4 + T cells (35), we therefore sought to determine whether the intact 7.16.4 mAb had just as much of an influence on neu-specific CD4 + T cells as RNEU 420-429 -specific CD8 + T cells. Interestingly, there was no difference in proliferation of neu-specific CD4 + T cells between neu-vaccinated mice that received the intact 7.16.4 mAb and those that were treated with the control IgG Ab (Supplemental Figure 2) . This finding is in agreement with a study by Burgdorf et al. (36) , in which MHC-II antigen presentation by DCs does not require the mannose receptor but rather depends on pinocytosis. Dudziak et al. (35) similarly suggest that the difference in the MHC-II antigen processing machinery in CD8 + and CD8 -DCs is intrinsically independent of surface markers and receptors.
Adoptively transferred RNEU 420-429 -specific CD8 + T cells are activated and proliferate most extensively in neu-N mice treated concurrently with the intact 7.16.4 mAb and neu-targeted vaccine cells.
To determine the extent to which the intact 7.16.4 mAb + neu-targeted vaccine treatment increases the effector function of neu-specific CD8 + T cells in vivo, we performed adoptive transfer experiments using Thy1.2 -RNEU 420-429 -specific naive clonotypic CD8 + T cells isolated from TCR transgenic mice. Mice received clonotypic Thy1.2 + T cells i.v., Figure 5A and Table 2 ). In addition, the coadministration of the intact 7.16.4 mAb + neu-targeted vaccine cells significantly increased the proliferation of Thy1.2 -RNEU 420-429 -specific CD8 + T cells when compared with the neutargeted vaccine given with either 7.16.4 F(ab′) 2 or control IgG Ab ( Figure 5B and Table 3 ). These data further support the role of the Fc portion of 7.16.4 as being the mediator of enhanced activation and proliferation of neu-specific CD8 + T cells.
Adoptively transferred RNEU 420-429 -specific CD8 + T cells most effectively develop into central memory cells in neu-N mice treated with the intact 7.16.4 mAb and neu-targeted vaccine cells. The main purpose of vacci-

Figure 6
A neu-expressing, GM-CSF-secreting vaccine given concurrently with the intact 7.16.4 mAb promotes the development of RNEU420-429-specific CD8 + TCM. (A) The intact 7.16.4 mAb increases the total population of RNEU420-429-specific CD8 + T cells with time. Each neu-N mouse received the same treatment protocol as described in Figure 5A , except 4 × 10 6 Thy1.2 + RNEU420-429-specific CD8 + T cells were used instead of 2 × 10 6 cells. After 30 days, the mice were boosted with 1 × 10 6 3T3 neu/GM cells in all 4 limbs. One week after the boost, their spleens and VDLNs were harvested and CD8 + T cells were isolated using the Miltenyi CD8a magnetic beads. The proportion of Thy1.2 + RNEU420-429-specific CD8 + T cells present in the isolated CD8 + T cell population was analyzed by flow cytometry. (B) The intact 7.16.4 mAb enhances proliferation of RNEU420-429-specific CD8 + TCM. Thy1.2 + RNEU420-429-specific CD8 + T cells from the experiment described in A were stained for CD62L and CD44 and analyzed by flow cytometry. Shown is a representative flow cytometric analysis of 1 mouse per group. A total of 3 mice per group were analyzed, and this study was repeated once. The gating represents Thy1.2 + CD8 + T cells. *P < 0.05 versus intact 7.16.4 mAb + neu-targeted vaccine, Mann-Whitney U test.
nation is to generate memory T cells that can provide long-lasting protection against diseases that express disease-specific antigens. Thus, we sought to determine the extent to which the neu-specific intact mAb given with the neu-targeted vaccine generates neu-specific memory CD8 + T cells. The adoptive transfer experiment was carried out as described in Figure 5A . After 30 days, the mice were boosted with neu-targeted vaccine cells. A week after the boost, the mice that had received the intact 7.16.4 mAb + neu-targeted vaccine treatment had the highest population of Thy1.2 -RNEU 420-429 -specific CD8 + T cells in both the spleen and VDLNs ( Figure 6A ). Memory CD8 + T cells express CD44 + and are categorized as central (T CM ) or effector memory (T EM ) cells based on CD62L expression (33) . The proportion of CD44 + cells that were also CD62L + , indicating T CM phenotype, was highest in both the spleen and VDLNs from mice that received the intact 7.16.4 mAb + neu-targeted vaccine treatment ( Figure 6B) . However, the proportion of CD44 + CD62L -T EM remained at a similar level in all treatment groups ( Figure 6B ). These data demonstrate that the intact 7.16.4 mAb given with the neu-targeted vaccine enhances T CM development compared with vaccine given alone or with the Fc-deficient neu-targeted mAb.
Discussion
To our knowledge, this is the first report demonstrating the trafficking and uptake by CD11c + DCs of in vivo-formed tumor antigen-tumor mAb immune complexes. The data reported here reveal 2 findings that elucidate an important mechanism by which a neu-targeted mAb enhances the induction and activation of a potent immune response to a neu-targeted vaccine given concurrently. First, we show that the intact 7.16.4 mAb enhances vaccine-mediated antitumor CD8 + T cell activation and tumor elimination by an Fc-dependent mechanism. Second, we demonstrate that the coadministration of the intact 7.16.4 mAb and neutargeted vaccine increases the uptake of vaccine cells by CD11c + DCs, thereby enhancing activation, proliferation, and T CM development of neu-specific CD8 + T cells. Taken together, these data provide results of a comprehensive ex vivo and in vivo analysis of one mechanism by which a tumor antigen-specific mAb can synergize with a vaccine targeting the same tumor antigen to enhance the overall systemic antitumor response.
Our neu-targeted vaccine cells secrete GM-CSF, which is a potent activator and recruiter of DCs. Based on the finding that the FcγR is required to mediate the 7.16.4-enhanced antitumor response, we evaluated the role of CD11c + DCs in enhancing the antibody-mediated antitumor response, since CD11c + DCs express FcγRs and serve as a bridge to the adaptive immune system. Several studies have shown that the administration of antibodies bound to antigens prior to in vivo administration can enhance the activation of antigen-specific CD8 + T cells (28) (29) (30) (31) . However, in the case of a GM-CSF-secreting vaccine approach that aims to attract and mature DCs at the vaccine site, the administration of immune-complexed vaccine cells would be expected to be less effective, as they may not secret GM-CSF properly due to opsonization and would be readily taken up by CD11c + DCs directly via the FcγR. In addition, a precomplexed vaccine would not be expected to involve DCs in priming CD8 + T cells, since they would require 2-4 days to be exposed to the tumor antigen and matured prior to activation of CD8 + T cells (13) . Therefore, we reasoned that the enhanced antitumor response of the antibody-vaccine complex was likely due to concurrent administration by different routes of delivery, thereby allowing gradual formation of the immune complex and prolonged secretion of GM-CSF up to a concentration level that is sufficient to effectively increase production and recruitment of DCs. Our biodistribution and in vivo imaging data support this concept and show that a strong localization of the intact 7.16.4 mAb at the vaccine site is not apparent until 48 hours following administration. In addition, our in vivo antigen uptake results indicate that CD11c + DCs in VDLNs do not increasingly take up immune-complexed vaccine cells until 3 days after coadministration. These findings validate our group's prior observations demonstrating that a GM-CSF vaccine recruits DCs in vivo to the tumor site, which then traffic over days to the VDLN and ultimately activate both CD4 + and CD8 + T cells. These findings also provide support for an additional mechanism by which an antigen-targeted mAb synergistically enhances the induction of antigen-specific CD8 + T cells by the GM-CSF-secreting vaccine.
DCs gain their function of antigen presentation upon maturation, for which phagocytosis provides a strong stimulus (25) . Because the intact 7.16.4 mAb + neu-targeted vaccine treatment increased the vaccine cell uptake, it resulted in an additional increase in the expression levels of GM-CSF-induced DC maturation markers. Consequently, CD11c + DCs from the mAb + vaccine treatment enhanced the proliferation of RNEU 420-429 -specific CD8 + T cells ex vivo. It has been shown that CD8 + DCs are inherently efficient at cross-presentation even without FcγRs, whereas the capacity of CD8 -DCs to present exogenous antigens on MHC class I molecules requires activation of FcγRs (34). Akiyama et al. (37) have shown that IgG-complexed apoptotic tumor cells (ATC-ICs) significantly enhanced phagocytosis by, and maturation of, CD8 -DCs in vitro and have demonstrated that CD8 -DCs loaded with ATC-ICs improved the antitumor response in their mouse model. Our data show similar findings. CD8 -DCs from the neu-targeted vaccine + either control IgG or 7.16.4 F(ab′) 2 treatment failed to proliferate RNEU 420-429 -specific CD8 + T cells. However, when the intact 7.16.4 mAb was used, RNEU 420-429 -specific CD8 + T cells proliferated extensively following stimulation by CD8 -DCs. Therefore, in our study, the intact 7.16.4 mAb likely enhances phagocytosis of irradiated, and therefore apoptotic, vaccine cells and induces cross-presentation of neu by CD8 -DCs. This also may be the primary reason for the enhanced proliferation of adoptively transferred RNEU 420-429 -specific CD8 + T cells in neu-N mice. It is noteworthy to mention that while murine DCs express high levels of CD8, none of the human DC subpopulations have been shown to express the CD8 marker (38) . However, Dhodapkar et al. (30) have shown that human DCs also have the ability to enhance their cross-presentation of tumor cellular antigens through an FcγR-dependent mechanism.
Although the DEAD assay gives an ex vivo account of the direct interaction between CD11c + DCs and RNEU 420-429 -specific CD8 + T cells, the adoptive transfer of RNEU 420-429 -specific CD8 + T cells into neu-N mice provides a unique assessment of the antigen-specific CD8 + T cell population influenced by the antibody in vivo. Adoptively transferred RNEU 420-429 -specific CD8 + T cells were activated and proliferated most extensively in the group that received the intact 7.16.4 mAb and neu-targeted vaccine. In addition, a vaccine and antibody boost enhanced the development of T CM more efficiently in the intact mAb-treated mice. The mAb-induced enhancement of T CM development is significant because T CM cells have access to secondary lymphoid organs and can be activated by mature DCs, whereas T EM cells are mainly excluded from these areas and are stimulated by nonprofessional APCs (39) . It is therefore not surprising that in our study the proportion of T EM cells after the boost was similar among all treatment groups. Because the T EM cells sampled were from the spleen and lymph nodes, we may have missed evaluating the majority of T EM cells that reside outside of these secondary lymphoid organs. Therefore, our analysis on T EM cells is most likely only a partial view of the extent to which the neutargeted mAb given concurrently with the neu-targeted vaccine influences T EM development.
It is interesting to note that the CD8 + T cell activation and proliferation measured in the spleen was higher than expected when the intact 7.16.4 mAb was given with vaccine, even though the in vivo imaging studies demonstrated localization in the VDLN with minimal uptake in the spleen. This observation could be due to the endogenous neu in our transgenic model, but the relatively low background level from the intact 7.16.4 mAb + control vaccine treatment would suggest otherwise. Although DC activity mainly takes place in the draining lymph node, systemic distribution of DCs that carry locally administered antigens has been observed under certain conditions (40) (41) (42) . In our DEAD assay experiments, CD11c + DCs in the spleen proliferated naive clonotypic CD8 + T cells just as well as those in VDLNs. Furthermore, the intact 7.16.4 mAb + neu-targeted vaccine treatment enhanced the cross-priming capabilities of splenic CD8 + and CD8 -DCs. We believe that DCs in a systemic GM-CSF milieu, created by the neutargeted vaccine, are capable of migrating from the vaccine site to other organs such as the spleen, hence leading to the amplification of T cell functions at those sites. Additional studies are needed to elucidate the migratory pattern of DCs in a GM-CSF circulatory environment, starting with the in vivo imaging of vaccinated mice beyond the 48-hour time period.
This study provides what we believe to be the first in-depth analysis tracking over time the in vivo kinetics of an antigentargeted mAb and vaccine given concurrently. We previously reported that a 14-day time period was required to achieve optimal activation of antigen-specific CD8 + T cells following our GM-CSF vaccine approach (13) . Additional studies provided evidence that a number of days were required for DC activation and trafficking to lymph nodes prior to the activation of T cells (13) . However, less was known about the kinetics of the vaccine when given in combination with an antigen-targeted mAb. The in vivo radiolabeled vaccine analyses clearly show the direct interaction of the mAb with the neu-expressing vaccine cells and that this interaction reaches its peak at about 48 hours after coadministration. Furthermore, these studies directly show the rate of uptake of tumor-antibody complexes by CD11c + DCs attracted to the tumor site via GM-CSF secretion. In addition, these studies reveal the time it takes for CD11c + DCs to traffic to the VDLN for priming of T cells. Finally, and perhaps most importantly, the data demonstrate that the neu-targeted vaccine given with neu-specific mAb improves development of T CM , which can be activated upon encountering neu-overexpressing tumor cells and neu antigen-presenting DCs.
Other preclinical studies have shown that similar neu-targeted antibodies can induce tumor killing through an NK-mediated ADCC mechanism (16, 43) . It is important to point out that the original therapeutic intention of neu-targeted antibody-based immunotherapy was to inhibit unregulated proliferative and antiapoptotic signaling pathways in tumor cells. In a recent clinical study on trastuzumab (which is a human analog of 7.16.4) monotherapy, Mohsin et al. (15) showed that in primary breast cancer, trastuzumab treatment results in tumor regression mainly through inhibition of PI3K/Akt pathways and subsequent induction of apoptosis rather than through retardation of cell proliferation. So far, there is no evidence of trastuzumab's ability to direct immunomodulatory functions in humans. However, tumors create a microenvironment, which suppresses the function of immune effector cells that are essential for tumor recognition and eradication. This could be one reason we have yet to see trastuzumab's immunomodulatory effects in the clinical setting.
In conclusion, our study provides an extensive ex vivo and in vivo analysis of an Fc-mediated mechanism by which an antigen-specific mAb enhances a CD8 + T cell immune response induced by a vaccine targeted against the same tumor antigen in immune-tolerant mice. This mechanism requires CD11c + DCs and results in the enhanced activation and proliferation of CD8 + T cells and ultimately the enhanced generation of T CM . The tumor microenvironment has the capability to inhibit the therapeutic potential of immune-based therapies by suppressing the development of DCs and increasing the generation of Tregs, which in turn suppress effector T cells. Thus, interventions that target the same antigen in multiple ways may be one approach to overcoming the multiple mechanisms involved in downregulating T cell function within the tumor's microenvironment. Successful immune-based therapies will ultimately require the combination of agents that target tumor antigens and agents that inhibit the multiple pathways involved in downregulating T cells specific for these antigens.
Methods
Animals and cell lines. The neu-N mice (line N 202) (44) were obtained from W. Muller (McMaster University, Hamilton, Ontario, Canada). Animals were kept in pathogen-free conditions and were treated in accordance with institutional and American Association of Laboratory Animal Committee policies. All animal studies were approved by the institutional review board of Johns Hopkins University. The cell lines 3T3/GM (mock vaccine) and 3T3 neu/GM (vaccine) are 3T3 cells that have been genetically modified to express the GM-CSF gene and the GM-CSF and HER-2/neu genes, respectively. The NT2 cells are transplantable neu-expressing mammary tumor cells derived from a spontaneous mammary tumor that formed in a neu-N mouse. Both vaccine and tumor lines have been previously described (45) . NT2/B7-1 cells are NT2 cells transduced with a human B7-1-encoding retrovirus, as described previously (13) . The 3T3 NP/GM cells are 3T3/GM cells engineered to express lymphocytic choriomeningitis virus NP under the selection with hygromycin B at 150 μg/ml (Roche Diagnostics).
mAbs. Hybridoma expressing the murine and anti-rat neu-specific 7.16.4 (IgG2a) mAb was obtained from M. Greene (University of Pennsylvania, Philadelphia, Pennsylvania, USA). Through a protein G column, the intact 7.16.4 mAb was purified from ascites that were prepared by Harlan Bioproducts for Science Inc. The F(ab′)2 fragment of 7.16.4 was generated using the ImmunoPure F(ab′)2 Preparation Kit (Pierce Biotechnology). FITC-conjugated anti-mouse Fc-specific antibody (Sigma-Aldrich) and FITC-conjugated anti-mouse Ig λ1, λ2, and λ3 light chain antibody (BD Biosciences -Pharmingen) were used to confirm the F(ab′)2 fragment binding to neu. Ab-3 (EMD Biosciences), which recognizes an intracellular epitope of neu, was used to visualize western-blotted neu for the internalization studies. mAbs against CD11c, CD80, CD86, CD40, MHC-II, IFN-γ, CD62L, and PD-L1 (B7-H1) were purchased from BD Biosciences.
Tumor prevention experiment. Eight-week-old female neu-N mice were vaccinated with 1 × 10 6 3T3 neu/GM cells or with 1 × 10 6 3T3 NP/GM cells as a control, followed 2 weeks later by s.c. tumor challenge with 2 × 10 5 cells, as previously described (46) . Animals then received i.p. injections of neu-specific intact mAb, F(ab′)2 fragment or control polyclonal mouse IgG (mIgG; Sigma-Aldrich) on the day of the tumor challenge. All antibody preparations were sterile filtered (0.22-mm pore size mStar filters, Costar; Corning) before injection. The intact and control antibodies were administered weekly for a total of 5 injections (100 μg of IgG per injection) thereafter. The F(ab′)2 fragment was injected twice per week for a total of 10 injections [150 μg of F(ab′)2 per injection] due to its higher clearance rate. Animals were monitored twice per week for palpable tumors.
ELISPOT assays. Eight-week-old female neu-N mice were given either neu-targeted vaccine or control vaccine on day -14 and an NT2 challenge (2 × 10 5 cells) on day 0. On the day of tumor challenge, animals began receiving weekly injection of 100 μg of control IgG, 100 μg of 7.16.4, or 300 μg of 7.16.4 F(ab′)2. The amount of 7.16.4 F(ab′)2 was determined by taking into the account the F(ab′)2 fragment's high clearance rate and adjusting for molar equivalency. After 14 days, the mice were sacrificed, and spleens were harvested. neu-specific CD8 + T cells were quantified by ELISPOT analysis as previously described with modifications (47) . Splenocytes were briefly treated with ACK Lysis Buffer (Quality Biological Inc.) for red blood cell lysis, and CD8 + T cells were negatively selected using the Dynal Mouse CD8 Negative Isolation Kit (Dynal Biotech). neu-expressing target cells, NT2/B7-1, were pretreated for 2 days with IFN-γ to upregulate MHC-I on their surface. ELISPOT analysis for IFN-γ production was performed using the murine IFN-γ ELISPOT Kit (R&D Biosystems). Isolated CD8 + T cells were incubated with NT2/B7-1 target cells overnight at 37°C and 5% CO2 at an effector/target ratio of 10:1 (10 5 CD8 + T cells, 10 4 NT2/B7-1 cells). The ELISPOT plates were developed according to the manufacturer's instructions. CD8 + T cells and NT2/B7-1 cells alone were used as controls. Spots were counted using the KS ELISPOT scope and software (Zeiss). The number of spots formed in control wells (CD8 + T cells alone) were averaged and subtracted from the number of spots in each well with CD8 + T cells plus targets.
Biodistribution study and in vivo imaging. For the biodistribution study, 8-weekold, female neu-N mice were given 3T3 neu/GM (1 × 10 6 cells) in the right leg and 3T3 NP/GM (1 × 10 6 cells) in the left leg s.c., followed by i.v. injection of 100 μg of radiolabeled indium-111 7.16.4 or 100 μg of radiolabeled indium-111 control IgG. The antibody was radiolabeled using methodology described previously (48, 49) . After 48 hours, lymph nodes were excised. The right and left inguinal lymph nodes were used as the VDLNs, and the superficial cervical lymph node was used as the baseline control. The lymph nodes were placed in a gamma counter to measure their radioactivity.
The initial set up for the in vivo imaging was similar to the biodistribution study. After s.c. administration of the vaccine cells (3T3 neu/GM [1 × 10 6 cells] in the right leg and 3T3 NP/GM [1 × 10 6 cells] in the left leg) and the radiolabeled 7.16.4 (100 μg), the mice were anesthetized with 3% isoflurane, maintained at 1%-2% afterward with a constant oxygen flow rate of 1 l/min. SPECT/CT images were taken at 1, 24, and 48 hours after injection on an XSPECT system with a pinhole collimator for indium-111 photons (GammaMedica).
In vivo uptake of vaccine cells. We labeled 2 × 10 7 3T3 neu/GM or 3T3/GM cells per ml with the green fluorescent cell linker dye PKH67 (4 × 10 -6 M) according to the manufacturer's instructions (Sigma-Aldrich), and then 1 × 10 6 cells of either vaccine line were irradiated and then injected s.c. into each of the 4 limbs of an 8-week old female FVB/N mouse, followed by i.p. injection of the intact 7.16.4 mAb (100 μg), 7.16.4 F(ab′)2 (300 μg), or control mIgG (100 μg) mAbs. From days 1 through 5, VDLNs (axillary, brachial, and inguinal) were harvested and DCs were isolated with CD11c magnetic beads (Miltenyi Biotec). The amount of PKH67 + CD11c + DCs was determined by flow cytometry.
DEAD assay. Eight-week old female neu-N mice were given vaccine cells and antibodies as described above. On day 4, VDLNs (axillary, brachial, and inguinal) and spleens were harvested, and lymph node and splenic DCs were isolated using CD11c magnetic beads (Miltenyi Biotec). Cell sorting was performed to purify CD8 + and CD8 -DC subsets from splenic CD11c + DCs, as described by den Haan and Bevan (34) . Isolated or purified CD11c + DCs were cultured in a 96-well U-bottom plate with clonotypic Thy 1.2 CD8 + T cells from a TCR transgenic mouse. These clonotypic CD8 + T cells, which are specific for the immunodominant neu epitope containing amino acids 420-429 (RNEU420-429) (32, 33) , were isolated using the Dynal CD8 Negative Isolation Kit (Dynal Biotech) and were then labeled with CFSE (Invitrogen). The effector (RNEU420-429-specific T cells) to target (CD11c + DCs or CD8 -DCs) ratio was 3:1 (7.5 × 10 5 cells/2.5 × 10 5 cells). Because the CD8 + DC population is significantly less than CD8 -DCs, the effector/target ratio of 1.5 × 10 5 CD8 + DCs/5 × 10 4 RNEU420-429-specific CD8 + T cells was used. On day 3, CFSE dilution of RNEU420-429-specific T cells was measured by flow cytometry.
Adoptive transfer experiments. For the in vivo proliferation study, 2 × 10 6 CFSE-labeled Thy1.2 RNEU420-429-specific CD8 + T cells were adoptively transferred i.v. into 8-week old female neu-N mice, followed by administration of 3T3 neu/GM (1 × 10 6 per limb) or 3T3 GM (1 × 10 6 per limb) s.c. and the intact 7.16.4 mAb (100 μg), 7.16.4 F(ab′)2 (300 μg), or control mIgG mAb (100 μg) i.p. On days 4 and 7, VDLNs (axillary, brachial, and inguinal) and spleens were harvested. CD8 + T cells were isolated using CD8a magnetic beads (Miltenyi Biotec). CFSE dilution of the adoptively transferred Thy1.2 RNEU420-429-specific CD8 + T cells was measured by flow cytometry. In addition, the isolated CD8 + T cells (1 × 10 6 ) on day 4 were cocultured with RNEU420-429-pulsed T2D q (1 × 10 6 ) overnight and then stained for IFN-γ. Thy1.2 RNEU420-429-specific CD8 + T cells positive for IFN-γ were analyzed by flow cytometry. To analyze Thy1.2 RNEU420-429-specific memory CD8 + T cells, 4 × 10 6 of these clonotypic CD8 + T cells were adoptively transferred i.v., followed by administration of vaccine cells and antibodies as described above. After 30 days, the mice were boosted with 3T3 neu/GM (1 × 10 6 per limb) or 3T3/GM (1 × 10 6 per limb) s.c. One week later, VDLNs (axillary, brachial, and inguinal) and spleens were harvested and analyzed for expression of CD62L by flow cytometry.
Statistics. The Mann-Whitney U test was used to analyze ELISPOT data. Log-rank tests were used to analyze tumor-free survival and compare treatment groups. P < 0.05 was considered statistically significant. The GraphPad Prism3 Program (GraphPad Software) was used to perform all statistical analyses. In all figures, error bars represent SD.
